Mixed cation metal halide perovskites with increased power conversion efficiency, negligible hysteresis, and improved long term stability under illumination, moisture, and thermal stressing have emerged as promising compounds for photovoltaic and optoelectronic applications. Here, we shed light on photoinduced halide demixing using insitu photoluminescence spectroscopy and synchrotron Xray diffraction (XRD) to directly compare the evolution of composition and phase changes in CH(NH 2 ) 2 CsPbhalide (FACsPb) and CH 3 NH 3 Pbhalide (MAPb) perovskites upon illumination, thereby providing insights into why FACsPbhalides are less prone to halide demixing than MAPbperovskites. We find that halide demixing occurs in both materials.
perovskites, the emission is enhanced for the case of FaCsperovskites. This behavior points to a reduction of nonradiative recombination centers in FACsperovskites arising from the demixing process. FACsPbhalide perovskites exhibit excellent intrinsic material properties, with photoluminescence quantum yields that are comparable to MAperovskites. Since improved stability is achieved without sacrificing electronic properties, these compositions are better candidates for photovoltaic applications, especially as wide bandgap absorbers in tandem cells.
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Hybrid metal halide perovskites have recently garnered intense research interest for solar energy conversion and optoelectronic applications due to their excellent properties, such as defect tolerance 1 , long minority carrier lifetimes 2, 3 , and high photoluminescence quantum yields 2, 4 . Their general crystal structure is described by ABX 3 , typically comprising a monovalent organic cation A (e.g. CH 3 Despite the importance of overcoming halide demixing for achieving stable perovskitebased photovoltaic devices, there remains uncertainty about the underlying mechanism(s) and most studies have focused on MAperovskites. Currently, strain or carrierinduced lattice distortion, 6 compositional inhomogeneity, 7 defectmediated halide migration, 6, 8, 9 and crystal domain size 10 are actively considered as contributing to halide segregation. In particular, Bischak et al. propose that halide demixing is a consequence of localized strain generated from the interaction of charge carriers with the lattice (polaron formation). 6 In this respect, they find that the combination of mobile halides, long charge carrier lifetimes, and significant electronphonon coupling are prerequisites for halide demixing. 6 In a different study, Barker et al. suggest that defectassisted halide ion migration away from the illuminated surface, with a slower hopping rate of iodide and a potential dependence on charge carrier generation gradients, results in formation of Irich regions at the surface. 8 Finally, Rehman et al. report that shortrange crystalline order facilitates halide demixing, possibly by releasing lattice strain between Irich and Brrich domains. 10 In this explanation, they argue that halide segregation in a single crystal would cause significant lattice strain that may not be energetically favorable, while at grain boundaries lattice strain could be more easily accommodated. 10 Importantly, halide demixing is a complex phenomenon and these hypothesized mechanisms are not necessarily mutually exclusive. In addition, vacancymediated halide migration is a requirement for demixing processes and, thus, a reduction of defect concentrations and rapid diffusion channels is expected to improve stability under illumination. 6, 9 A potential strategy to circumvent halide demixing is by substitution of the A cation. However, alternative monovalent cations, for example pure FA 11 and Csperovskites
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, are not stable at room temperature and slowly convert to the yellow nonperovskite phase under ambient conditions. Fortunately, the simultaneous incorporation of MA and Br in FAPbI 3 perovskites serves to stabilize the perovskite (i.e. alpha) phase, 13 possibly due to a larger dipole interaction of the smaller MA cation with the PbI 6 octahedra 14 . As an indication of the high material quality of mixed cation perovskites, the first reported power conversion efficiency of metal halide perovskite solar cells exceeding 20% was demonstrated with a MAFAPb(I 1x Br x ) 3 composition. 15 Calculations suggest that Cs and Rb are more efficient than MA for stabilization of the FA perovskite phase 16 and first principle computations show that the perovskite phase stabilization by mixing the Acations stems from entropic gains. Attempts to synthesize films in a wider composition space with respect to Cs/(Cs+FA)ratio and halidecontent (including Cl) resulted either in a nonperovskite phase or less stable behavior under illumination (Supporting Information, Table S1 ). To account for inhomogeneities (see Supporting Information, Fig. S1 ), Urbach energies were extracted from three independent PL measurements taken across each sample and the standard deviation is included. We also show the Urbach energies of MAPb halide samples grown by lowpressure vaporassisted solution process for comparison ( Supporting Information, Fig. S2 ). 22, 23 The Urbach energy, which provides a qualitative indication of the crystal lattice distortion caused by defects, dislocations, strain, and impurities, is found to be small, especially considering the fact that these samples are processed at low temperature with simple solution processing, and confirms high crystal quality. Figure 2 . This photoinduced increase is reversible when remeasuring the samples after they were kept in the dark for several minutes. A rise in PL signal (within seconds 6, 24 ) has been observed previously for low Brcontent/pure I MAperovskites (i.e. phase stable compositions) and is linked to a filling and stabilization of charge trap states by photo generated electrons; additionally, the long time constants associated with this process may indicate contributions from the slow motion of ions. 24, 25 With higher Brconcentration (x = 0.6), the clear appearance of an additional higher wavelength emission peak is observed (Figure 2c and Supporting Information S4) and is attributed to formation of an Irich phase with lower bandgap. However, the threshold for photoinduced halide segregation occurs at significantly higher Br content for the case of FACsPbhalide perovskites. In particular, the evolution of a second long wavelength PL emission peak (Irich phase) in FACsperovskites appears to only evolve at Br compositions with x ≥ 0.5 ( Figure 2 and Supporting Information Figure S4 ). This is in agreement with literature, where for the specific composition of x = 0.4, a complete suppression of phase separation has been reported for FACs but not MAPbperovskites (note: the power density in that study was as low as 0.03 suns; while we use more than 10 times higher power density here). 18 A notable difference between the materials studied here is that, for the case of high Br content FACsperovskites, both the original and the emerging emission peaks (centered around 660670 nm and 733740 nm, respectively) increase in intensity with illumination time. In stark contrast, previous studies of MAPb(I 1x Br x ) 3 films have shown an almost complete suppression of the short wavelength (i.e. the mixed IBr phase) emission as the long wavelength Irich PL emission increases to dominate the spectrum (see Supporting Information Figure S5) . 5, 26 The single PL emission in high Brcontent MAperovskites was explained by charge carriers that quickly reach the low bandgap Irich regions, which act as the main radiative recombination sites. 7, 27 In this respect, the difference between MA and FACs perovskites is surprising given that for both classes of material, PL emission energy differences between the original mixed IBr phase and the newly formed Irich domains is similar, suggesting similar energetic driving forces for charge localization, though the relative band offsets are not yet known. Furthermore, photocarrier diffusion lengths in both MAPb and FACsPbhalides have been reported to be in the range of a few hundred nm to a few micrometers 10, 28 , suggesting that, for both cases, they interact with large volumes of material, including regions of the newly formed Irich phase. To gain more insights in the two phases that form under illumination the Urbach energies of the original phase are compared to the formed phase(s) under illumination (Supporting Information Figure S6 ). There appears to be a small drop in Urbach energy upon illumination for x = 0.2 and 0.5, which implies reduced crystal lattice distortion caused by defects, dislocations, strain, and impurities. However, for higher Brcontent, x = 0.6, the Irich domain exhibits a significantly lower E u compared to the original phase and the Brrich domain. While these findings are consistent with the improving PL efficiency with time, it remains surprising that PL from the wide bandgap phase is not quenched by charge injection and recombination in the lower bandgap phase, as is observed for the case of MAPbhalide perovksites. Barker et al., explain the much higher PL signal of the I rich phase compared to the mixed IBr phase by reduced nonradiative recombination due to the accumulation of carriers in the lowbandgap regions leading to a significant local carrier enhancement. Consequently, the photoluminescence quantum yield from these regions is expected to be very high. This describes the behavior for both the MA and FACsperovskites, where there is significant growth of subgap PL emission. However, the PL growth of the high energy peak in the FACsperovskite cannot be described by this mechanism since funneling of charge carriers to the low bandgap region should: i) overall quench the PL by providing an alternative radiative recombination pathway, and ii) reduce the local carrier concentration such that the degree of state filling is lower and, thus, nonradiative recombination is more probable.
From these considerations, it is hypothesized that photoinduced halide demixing in the FACs perovskite case actually leads to a reduction of recombination centers, not via electronic processes of state filling but rather via the reduction of point defect concentrations. This hypothesis deserves additional studies in the future. Another fundamental difference between MAPbhalides and FACsPbhalides is the changing crystal structure upon halide substitution. MAPbI 3 crystallizes in the tetragonal and MAPbBr 3 in the cubic structure 29 , while both iodide and bromide FAperovskites adopt the cubic structure. 30, 31 Previously, Barker et al. noted that for the MAperovskite case, the composition of the Irich domains is x = 0.2, irrespective of the initial composition, 5 which is similar to the composition at which the stable phase changes from cubic to tetragonal. Therefore, they hypothesized that the I enrichment could be limited to compositions of stable cubic phase since transformation to the tetragonal phase could introduce an energetic barrier to additional Ienrichment. However, our results suggest that such an explanation is unlikely, since for the FACsperovskite case, all compositions are cubic and, nevertheless, the emission wavelength of the low energy peak appears to be constant at ~740750 nm ( Fig. 2 and Supporting Information Fig. S4c) , which corresponds to x ~ 0.3, assuming any internal strain or quantum size effects in the newly formed phase are negligible. Thus, it appears that iodide enrichment occurs to a limiting composition even in the absence of crystal structure differences. a c b Figure S12 ). Figure 4a shows the PLQY curves for FACsPb(I 1x Br x ) 3 thin films with 0.1 ≤ x ≤ 0.6 versus the injected 1sun equivalent illumination density. The trend for all Brcompositions is the same: increasing PLQY at low illumination densities up to ~100 suns where the external PLQY reaches a maximum of ~1%, followed by a PLQY drop at illumination densities ≳ 1000 suns.
At illumination densities ~1sun, samples with x = 0.2 and 0.4 exhibit the highest external PLQY, about 4 times higher than x = 0.1. We have previously reported similar results for the MAPbhalide perovskites. 26 A rise in PLQY at low excitation densities, as observed by multiple groups for MAPbhalide perovskites, 4, 24, 26, 33 is characteristic of the filling of trap states until radiative recombination dominates. 24 At 1sun, the performance of FACsPbhalides is limited by nonradiative trapassisted recombination, as is the case for MAPbhalides 26, 34 .
Quantitative PLQY measurements allow for the extraction of the implied opencircuit voltage (V oc ) as a measure for the upper limit of the achievable V oc purely based on material quality, circumventing contact formation: 35, 36 q V oc ≈ kT ln
where V oc SQ is the V oc in the ShockleyQueisser limit in which only interband radiative recombination occurs 37 and is approximated here as E g 0.26 eV 38 , J sc is the shortcircuit current density, and J 0 is the ideal reverse saturation current density for a given material. In conclusion, mechanistic insights into the reduced photoinduced halide demixing in high Br concentration FACsPbperovskites were provided by combining PL and synchrotron Xray diffraction measurements. For this study, the evolution of lightinduced phase and composition changes in MA and FACsPbhalide perovskites were directly compared. As a result, we find that FACsPbhalides do show light induced halide demixing, which is not accompanied by a XRD peak broadening nor splitting as typically observed in MAperovskites. These results suggest that FACsperovskites are unable to relax strain accumulated during halide demixing, which could serve to partially stabilize the material against phase separation. Although the dominating recombination processes for the low energy emission are similar for MA and FACs perovskites, the high energy emission shows the opposite behavior. In particular, the emission is fully quenched in the case of MAperovskites but increases under illumination for the case of 
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